Alarmingly increasing rates of adverse environmental happenings have lead the people from all walks of life towards utilization of clean and renewable sources of energy. Due to technological advancement and availability of efficient wind turbines of few tens of kilowatts to multi-megawatt seizes which covers all human applications have made the utilization of wind power as the technology of choice. For its optimal utilization, site dependent analysis of the wind and its variation with height and then economics of increasing the tower height (hub height) have become necessary factors. This paper proposes a new correlation for the estimation of optimal hub height for harnessing the power of the wind on economically competitive basis. For this purpose, seven empirical correlations have been developed for seven sites for wind turbines of rated power of 600 to 5000kW. Wind speed measurements made at 20, 30, and 40 meters at seven sites have been used in the present work.
Introduction
In this highly competitive, extremely materialistic and up-to-date know how scenario, smart and optimal utilization of sources of energy has become essential. Exponentially increasing global and regional population, widening of gap between the production and demands of essential commodities, environmental pollution levels, and resulting adverse climatic changes, have become the matters of concern to individuals, engineers, environmentalists, and even politicians in the recent years. To conserve fossil fuel and combat the adverse effects of changing climatic conditions on the environment, clean and renewable sources of energy are being developed and utilized on global, regional, and local scales both onshore and offshore. Still, there are more than 2billion people who have not experienced the delight of grid connected electricity both in developed and developing countries [1] . Due to fast wind power generation technology development, commercial acceptability, robust design, ease of operation and maintenance, and economic compatibility with traditional sources of energy; power of the wind is being utilized globally for both grid connected utility scale and small isolated grid applications. It is very important and critical to conduct wind resources assessment of the site of interest because the energy output is highly dependent on the wind conditions of the geographical location [2] [3] [4] . Wind speed increases with height which means more power at higher hub heights [6] .
Furthermore, hub height optimization is a key towards profitable wind power projects. Hub height is defined as the distance between the platform and the rotor of the wind turbine [7] , as shown in Fig. 1 . The additional cost for higher hub heights differs greatly from one manufacture to another [8] . According to Hoffmann et al. [8] , the profitability can be enhanced from 2.1% to 37.6% by choosing the optimal available hub height rather than standard hub height provided by the manufacturer. The height of the hub of a wind turbine can determine success or failure of the wind power project. There are two primary factors to be considered when determining how high a tower need to be to enable a wind turbine to be effective and efficient [9] . The first factor is that the wind speed increases with height. Hence a wind turbine will be able to extract more power from the wind if it is installed on a higher tower. The second consideration when determining the hub height is the minimization or avoidance of the turbulence. Turbulence decreases the effectiveness of the turbine resulting in decreased electricity generation and tends to increase the wear and tear on the turbine resulting in increased maintenance and decreased operational life.
Wind is a naturally occurring phenomenon and is beyond human's manipulation, but there is one thing that can be done to increase the wind speed experienced by a wind turbine at a given location; go upwards by increasing the tower height [10] . As mentioned in reference [10], as wind gets closer to the ground it loses some of its speed due to friction as it rubs against any 'surface roughness'. For each 1 meter increase in the hub-height of a farm wind turbine the annual energy production increases by 1%, [10] . According to Firtin et al. [11] , a difference of up to 49% in energy yield may be obtained if using extrapolated wind data based on constant values of wind shear exponent and energy production using measured wind data at hub height.
Therefore it is preferable financially to opt for the highest tower available for wind turbine installation. In modern times, wind turbines have been made larger and softer to increase profitability. Due to this technological advancement in wind turbines sizes, tower optimization becomes more important, as towers account for 20-30% of turbine cost Yoshida [12] . Yoshida [12] developed a wind turbine tower optimization program using a genetic algorithm which allowed a rational analysis to reduce the mass of turbine towers by considering the distributions of its diameter and wall thickness, and the positions of flanges and access ports to navigation lights.
The present work utilized wind speed measurements made at 20, 30, and 40 meters above ground level at Arar, Dhahran, Dhulom, Gassim, Juaymah, Rawdat Ben Habbas (RBH) and Yanbo stations in Saudi Arabia in conjunction with wind turbines of rated power of 600, 1000, 2000, 3000, 3600, and 5000kW for the development of empirical correlations to determine the optimal height as a function of local wind shear exponent. The local wind shear exponent is determined using wind measurements at different heights at these sites as reported in [13] [14] [15] [16] [17] [18] [19] .
The next section provides the procedure adopted over reaching the proposed empirical correlations. 
Procedure for Empirical Model Development
An attempt has been made to develop an empirical model for the estimation of near optimal hub height based on local wind shear exponent. To the best of author's knowledge, this will be the first attempt towards development of an empirical model for the estimation of optimal hub height. Following steps are followed to the set objective: The point at which the two curves cross each other, the percent rate of increase in annual energy yield becomes very small and the rate of increase in percent total cost starts increasingly higher and higher.
Data and Site Description
The geographical details including the latitude, longitude and the altitude of all the stations are summarized in Table 1 . The wind speed measurements were made at 20, 30 and 40 meters above ground level (AGL) and the wind direction sensors were installed at 30 and 40m AGL, as shown in Fig. 2 . The meteorological sensors such temperature, relative humidity, pressure, and global solar radiation were installed at 1.5m AGL. The technical specifications of all the sensors used in this study are summarized in Table 2 . The values of local WSE are summarized in Table   3 . 
Hub Height Optimization Correlation
To establish empirical correlations of optimum hub height (HH) with wind shear exponents, ten minutes average wind speed data from seven stations listed in Table 1 was used. The measured wind speed data at 20, 30, and 40m above ground level was first used to estimate the wind shear exponent. These wind shear exponent values (given in Table 3 ) were sued to estimate wind speed at 50, 60, 70, 80, 90, and 100m AGL. For wind turbines of 2000, 3000 and 4000, and 5000kW the wind speeds were extrapolated to 110 and 120m as well. As third step, these extrapolated wind speed values were used in conjunction with wind power curves of chosen wind turbines from different manufacturers to estimate the energy output. The wind power curve of the chosen wind turbines are shown in Fig. 3 . The technical specifications of the chosen wind turbines are summarized in Table 4 . The resulting annual wind energy yields from 1000kW rated power (Model AAER A-1000) wind turbine at different heights for all the stations are summarized in Table 5 and are also compared in Fig. 4 . It is evident from data given in Table 5 and the Fig. 4 , that energy yield increases with increasing hub height.
The corresponding percent increases in annual energy yield with increase in hub height are summarized in Table 6 . As seen from Table 6 , maximum increase in annual energy is observed while increasing hub height form 40 to 50m. In order to find out the optimal hub height, the cost of wind turbine including the capital and installation cost was obtained from Morthorst [20] to be 900Euro/kW for a hub height of 40meters. The cost of the wind turbine as a whole and hub height in addition has been estimated by considering various costs such as blades, hub, pitch mechanisms and bearings, spinner, nose cone, drive train, nacelle, low-speed shaft, bearings, gearbox , mechanical brake, high-speed coupling, and associated components, generator, variable-speed electronics, yaw drive and bearing, main frame, electrical connections, hydraulic and cooling systems, nacelle cover, control, safety system, and condition monitoring, tower, foundation/support structure, transportation, assembly and installation, electrical interface/connections, and engineering permits.
The increase in hub height of a turbine basically adds the civil construction and installation cost which varies from 6 to 20% of the total investment cost. Based on initial cost and incremental cost, the total cost of wind turbine with incremental hub height was worked out to be as summarized in Table 7 . As next step, the percent increase in energy yield and the total wind turbine cost with increasing hub height for 1000kW rated power wind turbine is plotted for each The energy yield and respective percent increase with incremental change in hub height was calculated for wind turbines of rated power 600, 2000, 3000, 3600, and 5000kW and data similar to what presented in Tables 5 and 6 and Fig. 4 was obtained. To find out the optimal height, the percent increase in energy yield and the cost were plotted for above wind turbines similar to Table 8 . As observed form the data in Table 8 , the best correlation was obtained for wind turbine of 1000kW rated with R 2 value always more than 95%. Among three approached used for obtaining the empirical correlations, power law yielded in the best results whereas R 2 values was concerned. 
Conclusions
In the present study, as attempt has been made to correlate the optimal hub height with the local wind shear exponent which is a critical parameter used to extrapolate the wind speed to hub heights of the wind turbines which is usually much more than the actual height of wind measurements. For the purpose, wind speed measurements at 20, 30, and 40 meters above ground level were used to obtain the local wind shear exponents at Arar, Dhahran, Dhulom, Gassim, Juaymah, Rawdat Ben Habbas and Yanbo. These wind shear exponents were used to extrapolate the wind speed to different hub heights which in turn were used to get the energy yield from different chosen wind turbines of rated power 600, 1000, 2000, 3000, 36000, and 5000kW. Next, the incremental percent energy yield and the corresponding incremental percent costs were plotted to get the optimal or near optimal hub heights. Finally, these hub heights were used in conjunction with the local wind shear exponents to obtain the correlations between the local wind shear exponents and the hub height. Bets correlations were obtained for wind turbine of 1000kW with R 2 value always more than 95%. The Power law fit produced relatively better empirical correlations between the optimal hub height and the local wind shear exponents with higher values of coefficient of determination. These correlations can be used to obtain an optimal hub height to produce energy at the site of interest with maximum energy output at an optimal cost.
As future work of scope, this methodology should be used for as many sites as possible and other wind turbines to obtain the empirical correlations for more realistic output.
